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ABSTRACT
Using a spectral decomposition technique (Soto & Martin 2012, hereafter Paper I), we investigate the
physical origin of the high-velocity emission line gas in a sample of 39 gas-rich, ultraluminous infrared
galaxy (ULIRG) mergers. Regions with shock-like excitation were identified in two kinematically
distinct regimes, characterized by broad (σ > 150 km s−1) and narrow linewidths. Here we investigate
the physical origin of the high-velocity (broad) emission with shock-like line ratios. Considering the
large amount of extinction in these galaxies, the blueshift of the broad emission suggests an origin on
the near side of the galaxy and therefore an interpretation as a galactic outflow. The large spatial
extent of the broad, shocked emission component is generally inconsistent with an origin in the narrow-
line region of a AGN, so we conclude that energy and momentum supplied by the starburst drives these
outflows. The new data are used to examine the fraction of the supernova energy radiated by shocks
and the mass loss rate in the warm-ionized phase of the wind. We show that the shocks produced by
galactic outflows can be recognized in moderately high-resolution, integrated spectra of these nearby,
ultraluminous starbursts. The spectral fitting technique introduced in Paper I may therefore be used
to improve the accuracy of the physical properties measured for high-redshift galaxies from their
(observed frame) infrared spectra.
Subject headings: galaxies: starburst — galaxies: evolution — galaxies: active — galaxies: formation
1. INTRODUCTION
Ultraluminous infrared galaxies (ULIRGs) are some of
the most powerful galaxies in the local universe, with
log(LIR/L⊙) > 12. Many ULIRGs exhibit disturbed
morphology which indicates that they are major merg-
ers (Borne et al. 1999). Tidal interactions in major
mergers are believed to drive gas inflow that fuels both
the starbursts and the active galactic nuclei (AGN) in
ULIRGs (Toomre & Toomre 1972; Sanders et al. 1986;
Springel et al. 2005; Hopkins et al. 2008).
Models of major mergers also predict an early phase
of supernova feedback followed by the emergence of an
AGN (Springel et al. 2005; Hopkins et al. 2005; Hopkins
2012). Starburst-driven outflows are found in 75 − 80%
of ULIRGs (Rupke et al. 2002; Martin 2005). Interstel-
lar absorption lines in their spectra are blueshifted a
few hundred km s−1 relative to the systemic velocity
set by the molecular gas and stars (Armus et al. 1990;
Heckman et al. 1990; Martin 2005, 2006; Rupke et al.
2005a,b,c; Rupke & Veilleux 2005). AGN-driven out-
flows, in contrast, have only been found in the small
subset of ULIRGs with Seyfert 1 nuclei (Rupke et al.
2005a), possibly indicating that these systems are no
longer classified as ULIRGs by the time AGN drive the
outflows. Because the measured stellar velocity disper-
sions of ULIRGs typically exceed the stellar rotation
speed and the surface brightness profiles fit r1/4 laws
(Genzel et al. 2001), as in elliptical rather than spiral
1The data presented herein were obtained at the W.M. Keck Ob-
servatory, which is operated as a scientific partnership among the
California Institute of Technology, the University of California and
the National Aeronautics and Space Administration. The Obser-
vatory was made possible by the generous financial support of the
W.M. Keck Foundation.
galaxies, removal of the gas – whether by star forma-
tion, black-hole fueling, or outflow – provides the last
step in transforming ULIRGs into field elliptical galaxies
(Dasyra et al. 2006).
The high SFRs common among z ∼ 2 − 3 galax-
ies are thought to be fueled by steady gas accretion
instead of mergers (Daddi et al. 2007; Shapiro et al.
2008; Noguchi 1999), but mergers may play a piv-
otal role in the formation of galactic spheroids even
at these redshifts (Hopkins et al. 2011). Regardless of
how these galaxies get their gas, comparable star for-
mation rates are only found among ULIRGs and the
Lyman-Break Analogs (Overzier et al. 2008, 2009b,a,
2011; Heckman et al. 2011) in the local universe, so
these environments provide the best local laboratories
for studying the feedback processes that shape the evo-
lution of high-redshift galaxies.
Given the importance of incorporating feedback from
massive stars and AGN into galaxy formation simula-
tions, simultaneously mapping out the excitation and
gas kinematics in these extreme, local environments is of
broad interest (Heckman et al. 1987; Armus et al. 1990;
Heckman et al. 1990; Murray et al. 2005; Veilleux et al.
2009). The emission-line spectrum of shocked regions,
for example, is easily distinguished from the spectrum
of gas photoionized by massive stars but quite similar
to the spectrum of gas photoionized by an AGN. Be-
cause the size of the narrow-line region (NLR) powered
by AGN is limited by the AGN luminosity (Bennert et al.
2006a,b; Greene et al. 2011), one strategy for breaking
this degneneracy between excitation mechanisms is to
resolve the location of the gas emitting the shock-like
spectrum (Monreal-Ibero et al. 2006; Rich et al. 2011;
Gonc¸alves et al. 2010, , Paper I). Large velocity dis-
persions provide another way to identify regions with
2strong feedback from star formation and active nu-
clei, gravitational instability, and/or streams of recently
accreted material (Genzel et al. 2011; Law et al. 2009;
Schreiber et al. 2006) and the Doppler shifts of broad
emission-lines can be used to distinguish shocks gener-
ated by galactic winds and infall from either cold streams
or tidally stripped gas.
To provide a more comprehensive examination of the
location and speeds of shocks in ULIRGs, we mapped the
emission-line ratios across 39 local (z = 0.043 − 0.152)
ULIRGs in velocity and one spatial direction. These
longslit spectra obtained with the Keck Echellette Spec-
trograph and Imager (ESI) lack the complete spatial cov-
erage of integral field spectra (IFU) but offer more sen-
sitivity and broader spectral coverage than IFU observa-
tions. In Paper I, we identified the regions with shock-
like line ratios. Following a brief summary of the sample
and observations in Section 2 of this paper, the velocity
dispersion and Doppler shift of the shocked regions are
presented in Section 3, where we argue that outflows are
the primary origin of those shocked regions with broad
(σ > 150 km s−1) emission lines. In Section 4, we dis-
cuss the origin of the outflows and estimate the outflow
properties. Finally, we discuss the impact of shocked gas
on the integrated spectrum in Sect. 5.1.
2. OBSERVATIONS AND REDUCTIONS
This study examines the measurements presented in
Paper I of 39 ULIRGs at various stages of merging chosen
from from the IRAS 2 Jy survey (Murphy et al. 1996).
These local galaxies span z = 0.043−0.163, allowing spa-
tially resolved optical spectroscopy with the Keck ESI
1′′× 20′′ long slit. The data were reduced as described
in Martin (2005). Emission lines in the galaxies have
∼70 km s−1 spectral resolution and ≈ 0.8′′ spatial res-
olution limited by the atmospheric seeing. The median
spatial resolution is 1.5 kpc, with a range of 0.7 to 2.1
kpc depending on redshift.
3. RESULTS
In Paper 1, we decomposed the emission line profiles
into multiple Gaussian components. An example of this
decomposition is shown in Figure 1. Because we jointly
fit several transitions, we measured diagnostic line ratios
for each velocity component. Using kpc-scale apertures,
we mapped the Doppler shift, velocity width, and line
fluxes across the ULIRGs. The results, provided in Table
3 of Paper 1, were used to classify the excitation mecha-
nism of each component as HII-like or shock-like. Here,
we explore the relationship between the gas kinematics
and the excitation mechanism.
For each velocity component at a given spatial lo-
cation, we classified the excitation mechanism as HII-
like or shock-like using diagnostic ratios of line fluxes
(Kewley et al. 2006). The [OI]/Ha ratio plays a major
role in this categorization due to its high sensitivity to
shocks. In cases where [OI]/Ha is obscured by telluric
absorption, we rely on [SII]/Ha and [NII]/Ha to make
this distinction. If the errors in the flux ratio cross the
maximum star formation line, then the excitation mech-
anism is designated “unclear”. We note that our “un-
clear” category differs from the composite classification
of Kewley et al. (2006), defined by line ratios between
the empirically defined maximum star formation limit
Fig. 1.— Example of emission-line fit from paper I; the line pro-
files of the different transtions were fit with common kinematic
components of varying flux. This figure demonstrates the clear
variations in the line profiles for each transition, i.e. the blueshifted
wing on Hα, the nearly triangular line profile of [N II]λ6583, and
the very low intensity blue wing on [O III]λ5007. Using this fitting
method, we are able to deconstruct the line profile and examine
the excitation mechanism for all of the spectral components that
show the same kinematics.
and the maximum star formation. We further describe
these categories and the fitting method in Paper I.
Figure 2 shows a histogram of the velocity dispersions
of the components from all apertures across all galax-
ies divided by excitation class. Spectral components
classified as “HII-like” are narrow in linewidth, having
σv ≤ 150 km s−1. The components identified as “shock-
like”, however, present a high-velocity tail at σv > 150
km s−1. Clearly the broad components are preferen-
tially shock excited.
We show the Doppler shift of all the components in Fig-
ure 3. The narrow, shock-like components (and the HII
components) are detected over distances of 15 − 30 kpc
along the slit. The velocity offsets relative to the galaxy
redshift are positive in one direction and negative to the
opposite side of the nucleus. Figure 5 of Paper 1 demon-
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Fig. 2.— In the above histograms we present the distributions
of line width for components identified as “shock-like” and those
identified as “HII”. Nearly all components with “HII” line ratios
have σv < 150 km s−1. The distribution of components identified
as “shock-like” has a tail out to large line widths. (Of the 430
components measured, 34 copomnents are not shown here because
the measurement uncertainties did not place them uniquely in one
of these two excitation classes.)
strates that the position-velocity diagrams for these nar-
row, shock-like components are typically consistent with
the projection of a galactic rotation curve, suggesting
the process producing narrow, shock-like emission com-
ponents is associated with a gas disk.
The broader components with σv > 150 km s
−1, how-
ever, do not show similar rotation gradients, suggesting
that a different physical mechanism is involved in pro-
ducing the broad emission. Figure 3 shows that the
broad, shocked components are nearly always blueshifted
in stark constrast to the narrow components. The
blueshifts of the broad, shocked components reach a max-
imum of 500 km s−1.
Because the ULIRGs are very dusty galaxies, their nu-
clei are not transparent at optical wavelengths. Hence,
the emission-line radiation that we detect at the cen-
ter of a ULIRG must be emitted on the near side of
the dusty, gaseous disk. We therefore conclude that the
blueshifted emission comes from outflowing gas on the
near-side of the galaxy rather than infall on the far side.
The broad emission in adjacent apertures maintain sim-
ilar kinematics, which allows us to assume that these
regions have similar dust obscuration. In support of this
outflow interpretation, we note that the broad, shocked
emission spans a velocity range quite similar to that of
the blueshifted Na I absorption troughs previously iden-
tified in these spectra (Martin 2005, 2006).
Using the spatial information along the slit, we traced
the extent of each spectral component in Paper 1. Figure
4 shows how the spatial extent of an emission component
varies with its velocity disperion and excitation classifi-
cation. Broad, shocked emission in ULIRGs is usually
spatially extended but is not detected as far away from
the nucleus as is the narrow component. The broad,
shocked component can typically be traced to ∼ 5 kpc
away from the peak continuum emission and up to 6 kpc
in IRAS 03158+4227. We discuss the source of these
broad, shocked outflows in Section 4.
4. OUTFLOW SOURCE
In general, the broad emission components are
blueshifted to high velocity relative to the systemic ve-
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Fig. 3.— We find that the components identified as shock-like
with σv < 150 km s−1 have a similar distribution in Doppler shift
as the HII components. The shock-like components with σv >
150 km s−1, however, present significant blueshifts.
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Fig. 4.— HII and shock-like components with σv < 150 km s−1
extend to regions 15 kpc away from their associated nuclei. Com-
ponents with σv > 150 km s−1, however, remain within 5 kpc of
the nucleus. The gap between the points at r = rnuc and rest of
the distribution reflects the spatial resolution of the spectroscopy.
locity and only a few components are redshifted as shown
in Fig. 3. For emission, a blueshifted line profile can be
interpreted in two ways – outflow on the near side of the
galaxy or inflow on the far side of the galaxy. In the case
of dusty ULIRGs, however, the presence of dust obscu-
ration allows a unique identification of the blueshift as
outflow; photons coming from infalling gas on the far side
of the galaxy would have a longer path length through
dusty regions, thereby increasing the amoung of extinc-
tion. The outflow interpretation is further supported by
the spatial extent of the blueshifted lines identified in
Fig. 4. The spatial extent of broad blueshifted emission
4suggests that the emission is associated with regions be-
yond the deepest part of the gravitational potential well.
In the following sections, we explore the possible physical
origins of the outflow.
4.1. Star Formation vs. AGN as a Power Source
The power source of ULIRGs has been under debate for
more than 20 years, owing to the obscuration in optical
and shorter wavelengths by dust. Using the Spitzer In-
frared Spectrograph (IRS), Veilleux et al. (2009) exam-
ined the power source of 14 of the 39 ULIRGs included
in the Paper I sample by measuring indicators of AGN
contribution from infrared indicators. Indicators of the
strength of AGN contributions come from ratios of mid
infrared emission lines [O IV]/[Ne II] and [Ne V]/[Ne II]
(Armus et al. 2004, 2006, 2007; Veilleux et al. 2009),
however, these ratios are well constrained for only 3
of the 14 ULIRGs in this sample. Two of the objects
with well constrained contributions (IRAS01572+0009,
IRAS12072-0444) show ∼ 90% AGN contributions to
Lbol. The third object (IRAS15001+1433) that is well
constrained shows an ∼ 50% AGN contribution. Mea-
surements of the mid-IR line ratios for the other 11
ULIRGs place a <∼ 30% upper limit on the AGN con-
tribution to their bolometric luminosity. Although the
AGN is generally not the dominant source of luminosity
in these ULIRGs, we still need to investigate whether the
broad lines could be directly related to the AGN.
4.1.1. AGN Broad Line Region
A broad line region (BLR) is a common feature in
Seyfert 1 and 1.5 galaxies, appearing as permitted and
intercombination emission lines broadened to 1,000 to
25,000 km s−1 FWHM (Osterbrock & Ferland 2006).
The weakness of forbidden transitions in the BLR is ex-
plained by the high electron density, ne > 10
9 cm−3,
which enhances collisional de-excitation (Peterson 2006).
Reverberation mapping places the BLR size at much less
than 1 pc (Bentz et al. 2009; Brewer et al. 2011), sug-
gesting fast moving gas reflects the deep gravitational
potential in the vicinity of a supermassive black hole
(Dietrich et al. 1999). In our ULIRG spectra, emission
from an AGN BLR would be confined to the central aper-
ture (∼ 1′′).
In the ULIRG spectra, however, the broad emission
lines extend beyond a spatial resolution element, calling
into question the BLR as a source of these features. Ad-
ditionally the broad emission features appear not only
in the permitted transitions, but also in the forbidden
transitions. These observations, along with the low elec-
tron density measurements <∼ 100 cm
−3 from [S II] line
ratios, rule out an AGN BLR as the source of the broad,
shocked emission components.
4.1.2. Narrow Line Region
In the emission-line ratio diagrams, we use the line
defining the maximum excitation via extreme star for-
mation (Kewley et al. 2006) to distinguish HII emission
from shock-like emission. Above this, line ratios are typi-
cally attributed to narrow line regions of Seyfert galaxies
or LINERs. The Seyfert and LINER line ratios can be
described by fast shocks where the gas density ahead
of the shock determines the influence of the radiative
precursor on the overall emission line ratio. Gas rich
Seyfert galaxies have a larger contribution from the ra-
diative precursor, resulting in larger [O III]/Hβ ratios.
LINERs are suspected to have lower gas densities ahead
of the shock, which leads to lower [O III]/Hβ ratios
(Dopita & Sutherland 1995).
The size of shocked AGN NLR region is empirically
related to the luminosity of the [O III] λ5007 emission
(Bennert et al. 2002; Greene et al. 2011). The scaling
relation we use (Greene et al. 2011) is developed with-
out corrections for in situ dust extinction of L[OIII], ow-
ing to the difficulty of robust corrections for obscured
quasars (Reyes et al. 2008). The [O III] luminosities
(L[OIII]) used in this scaling relation, only includes spec-
tral components where log([O III]/Hβ) is greater than
0.5 to avoid flux contributions from an HII region. For
each galaxy, we estimate L[OIII] from the broad, shock-
like components and predict the expected size of an AGN
NLR.
Since any nucleus can host an AGN, we measure lumi-
nosity for each galaxy in the pairs of merging galaxies –
increasing the total galaxy count in this study to 48. Of
the galaxies with components that have log([O III]/Hβ)
> 0.5, the range of luminosities spans several orders of
magnitude (1.9 × 1037 < L[OIII] < 3.2 × 1042 erg s−1)
with a median L[OIII] = 8 × 1039 erg s−1. For 9 galax-
ies (in 7 ULIRGs – IRAS00188-0586, IRAS01003-2238,
IRAS05246+0103, IRAS08311-2459, IRAS09583+4714,
IRAS13451+1232, and IRAS15130-1958) the measured
outflow radii are within a factor of 1.6 of inferred radii
from the scaling relation.
The majority of galaxies have L[OIII] and spatial distri-
butions that do not suggest excitation via AGN. In the 8
ULIRGs (13 galaxies), no components appear above the
log([O III]/Hβ) > 0.5 cutoff, but we still detect shock-
like line ratios up to 6 kpc from the closest nucleus, sug-
gesting some other mechanism is responsible for the ion-
ization. In 14 of these galaxies the components with
appropriate log([OIII]/Hβ) appear only in regions out-
side the nuclear aperture. Galaxies that have a strong
extended AGN presence would more likely consist of a
contiguous region that includes the nucleus, suggesting
that these are also not part of an NLR. The remaining
galaxies have regions with shocked gas at radii greater
than the estimated NLR size by a factor of 2.
In general, most cases do not favor AGN as the source
of the observed emission line profile and instead are con-
sistent with shocks driven by stellar winds and super-
novae, as indicated by the AGN fractions. With this
understanding of the outflow source, we can make esti-
mates of the outflowing masses and the energy injected
into the system by these processes.
4.2. Energetics of Supernova Feedback
Excluding the AGN-dominanted cases
IRAS01572+0009 and IRAS12072-0444, the star
formation rates in these ULIRGs indicate enormous
amounts of mechanical power is deposited in the ISM by
massive stars. In this section, we compare mechanical
power to the power in the bulk outflow of warm-ionized
gas. We stress that our estimates of the mass and
kinetic energy in the bulk flow are no better than factor
of ∼ 3 accuracy. Uncertainty about the filling factor
5TABLE 1
Outflow Parameters
IRAS Name LIR vout rout tout Ltot ML MΣ M˙L M˙Σ SFR ηL ηΣ
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)
IRAS00153+5454 12.10 270 3.71 13.31 51.5 17 47 1.3 3.6 68 0.02 0.05
IRAS00188-0856 12.33 660 1.57 2.32 407. 130 31 58 13 128 0.45 0.10
IRAS01003-2238 12.25 1140 3.66 3.13 203. 67 155 21 50 96 0.22 0.52
IRAS01298-0744 12.29 240 11.27 44.98 86.6 28 620 0.6 14 57 0.01 0.24
IRAS03158+4227 12.55 1330 7.22 5.30 181. 59 423 11 80 191 0.06 0.42
IRAS05246+0103 12.05 250 2.71 10.54 33.1 10 22 1 2.1 60 0.02 0.04
IRAS05246+0103 12.05 850 3.10 3.56 520. 170 110 48 31 60 0.80 0.52
IRAS08311-2459 12.40 600 4.94 8.08 338. 110 320 14 40 135 0.10 0.30
IRAS09111-1007 11.98 290 1.38 4.68 26.3 8 7.3 1.8 1.6 51 0.04 0.03
IRAS09583+4714 11.98 350 4.42 12.27 413. 140 320 11 26 51 0.20 0.50
IRAS10378+1109 12.23 1000 3.80 3.72 267. 88 150 24 41 92 0.26 0.45
IRAS10494+4424 12.15 730 4.34 5.78 80.2 26 88 4.6 15 76 0.06 0.20
IRAS10565+2448 11.98 250 2.66 10.54 23.2 8 29 0.7 2.8 66 0.01 0.04
IRAS11095-0238 12.20 260 3.65 13.61 145. 48 120 3.5 8.8 95 0.04 0.09
IRAS12071-0444 12.31 570 7.95 13.57 15.9 5 210 0.4 15 25 0.02 0.61
IRAS15130-1958 12.03 890 3.65 4.03 29.5 10 51 2.4 13 24 0.10 0.53
IRAS16090-0139 12.48 640 6.61 10.07 17.0 6 86 0.6 8.5 179 0.003 0.05
IRAS16487+5447 12.12 400 5.79 14.01 147. 49 360 3.5 26 71 0.05 0.36
IRAS17028+5817 12.11 200 1.33 6.42 121. 40 14 6.2 2.1 69 0.09 0.03
IRAS18368+3549 12.19 370 4.09 10.70 333. 110 140 10. 13 83 0.12 0.16
IRAS19297-0406 12.36 730 4.30 5.74 233. 77 180 13 31 123 0.11 0.25
IRAS20087-0308 12.39 330 5.62 16.48 1170 390 760 24 46 132 0.18 0.35
IRAS23327+2913 12.03 630 3.81 5.95 60.5 20 99 3.4 17 58 0.06 0.29
IRAS23365+3604 12.13 580 0.89 1.50 5.52 2 1.6 1.2 1.1 73 0.02 0.02
Note. — Column 1: IRAS Name. Column 2: Total infrared luminosity log(LIR/L⊙) (Murphy et al. 1996). Column 3: Outflow velocity taken
as vout = |v| + σv ( km s
−1) from the Paper I (Table 3). Since we are unsure of the degree to which projection effects play a role in the measured
velocity, assume all outflowing regions have the same vout, but is foreshortened. In this simplification we take the maximum vout of the apertures,
to represent the vector that is most parallel to the line of sight. Column 4: Maximum radius of outflow (kpc). rout is defined by the maximum
separation between an aperture which shows outflow and the continuum peak. Column 5: outflow time scale (Myr). Column 6: Total luminosity
of Hα from the outflow components (Ltot/10
40) erg s−1. We correct the Hα emission for Galactic dust extinction using the reddening curve from
Cardelli et al. (1989) and values of E(B-V) and AV from the Infrared Science Archive maps (Schlegel et al. 1998). We use the measured Balmer
decrement and the Calzetti et al. (1994) reddening curve to correct for internal extinction. Column 7: Mass of outflowing gas in 106 M⊙ from Ltot
and Eq.4 assuming ne = 100 cm
−3 and γ′ = γphot. Column 8: Mass of outflowing gas in 10
6 M⊙ from Σ and Eq.6 with an assumed hemisphere
geometry, with the maximum path length through the sphere defined by the radius, δs = rout, and f = 0.01. Within each aperture the path length
through the sphere varies as s = (r2out − (raperture − rnucleus)
2)1/2 Column 9: Outflow rate estimated from Ltot in M⊙ yr
−1 described in Section
4.2.2. Column 10: Outflow rate estimated from Σ in M⊙ yr
−1 with an assumed hemisphere geometry. Column 11: Star formation rate estimated
from LIR are values (Murphy et al. 1996) and relation SFR = LIR/13.0 × 10
9L⊙. This relation is an adjustment of the Kennicutt (1998) relation
adjusted for a stellar mass range from 1 to 100 M⊙ (M⊙ yr
−1). This star formation rate is also corrected for AGN contribution to Lbol for the
objects included in Veilleux et al. (2009). In cases where upper limits to the AGN fraction are not provided for an individual object in Veilleux et al.
(2009), we use the average AGN contribution of 30%. Column 12: Efficiency of outflow from M˙L. Column 13: Efficiency of outflow from M˙Σ with
an assumed hemisphere geometry and filling factor f = 0.01. The objects in this table are restricted to those that have at least 1 aperture with a
shock- like spectral component with σv > 150 km s
−1.
of the warm-ionized gas and the large-scale geometry
of the outflow dominate the systematic error. The
mass, energy, and momentum carried by the outflowing,
warm-ionized gas should clearly be viewed as a lower
limit on the total amounts carried by all phases of the
wind, which likely includes substantial components of
both coronal gas and molecular gas.
4.2.1. Mass of Warm-Ionized Gas
For each ULIRG that shows broad, shock-like emis-
sion components, we can estimate the outflowing mass
of warm-ionized gas. This mass is the product of the gas
density and the volume occupied by the warm-ionized
phase.
The fraction of the total volume V filled with warm-
ionized gas is called the filling factor. For HII regions,
this filling factor,
f ≡
〈
n2e
〉
n2e
, (1)
is computed from the RMS electron density obtained
from the Hα luminosity or surface brightness and the
electron density computed from a density-sensitive dou-
blet ratio such as [S II] λλ6717, 31. Values of the filling
factor range from 0.001 < f < 0.1 in nearby HII re-
gions (Searle 1971; Kennicutt 1984; Kaufman et al. 1987)
and therefore have a very signficant impact on the esti-
mated mass. The range of filling factor may indeed be
different in the ULIRGs, given the difference in star for-
mation rate from these HII regions in normal galaxies,
but these values provide a point of comparison. In the
ULIRG spectra, the flux ratio for the [S II] doublet is typ-
ically consistent with the low-density limit and indicates
ne <∼ 100 cm
−3, but the ratios of the two [S II] lines indi-
cate densities ne ≈ 500 cm−3 in the central apertures
of IRAS01003-2238, IRAS05246+0103, IRAS08311-2459,
IRAS09583+4714, and IRAS23327+2913. For our mass
estimates, we adopt a fiducial value of ne = 100 cm
−3
but carry along the scaling with density explicitly in our
results.
The outflow mass is
Mout = µmHVnef, (2)
where ne is the electron density, mH is the mass of hy-
6drogen, and the mass per H atom is µ = 1.4 amu when
helium is included. The unknown factor V nef in Eqn. 2
is simply related to the Hα luminosity by
LHα = γ
′
〈
n2e
〉
V = γ′n2efV. (3)
Eliminating the common factor between Eqn. 2 and 3,
the outflowing mass,
ML =
µmHLHα
γ′ne
, (4)
can be estimated from the luminosity of the broad,
shocked emission component for any assumed value of
the gas density, ne.
The effective volume emissivity, γ′, varies depend-
ing on the temperature and excitation mechanism. For
photoionized regions with T = 104 K, γ′ = γphot =
αeffHαhν = 3.56 × 10−25 erg cm3 s−1 in Case B recombi-
nation theory (Osterbrock & Ferland 2006). In shocked
regions, collisional excitation and ionization can make γ′
larger or smaller than γphot by a factor of two to three
(Goerdt et al. 2010; Genzel et al. 2011). Since the pho-
tionization case is in the middle of the plausible range
for γphot, we estimate masses using γphot.
We present the estimated masses in Table 1. They
range from 1.8× 106 M⊙ to 3.9× 108 M⊙. The median
and standard deviations are 40×106 M⊙ and 84×106 M⊙
respectively. The systematic errors in the mass estimate
are difficult to quantify. For example, Fig. 5 illustrates
the aperture correction to the observed flux. In addition,
corrections for internal Hα extinction can be large. The
large outflow mass in IRAS20087-0308, for example, is
due in large part to the extinction correction. For indi-
vidual galaxies, the masses in Col. 7 of Table 1 should
be interpreted as rough estimates accurate to a factor of
2-3.
The measured Hα surface brightness provides a sanity
check on the assumed electron density, or equivalently〈
n2e
〉1/2
f−1/2 by Eqn. 1. The Hα surface brightness, Σ =
LHa/A depends on the three-dimensional shape of the
outflow since the volume is the product of the projected
area A and the depth of the emitting region, ∆s, along
the sightline. The surface brightness depends on density
as
Σ =
〈
n2e
〉
γ′∆s (5)
By analogy to Eqn. 4, the inferred outflow mass is
MΣ =
(
µmHAΣ
γ′ne
)
= µmHL
(
∆sf
γ′Σ
) 1
2
. (6)
In Table 1, col. 8 provides examples of the mass estimates
obtained by this method.
If our density estimate ne is reasonable, then equat-
ing MΣ and ML should imply reasonable values for the
product of the filling factor and the depth of the emitting
region along the line of sight. If we adopt f = 0.01, then
the required path length through the emitting region is
often only a few hundred pc. Such a small pathlength
would arise only if the emitting region had a hollow
shell structure. If the emitting region is roughly spher-
ical, ∆s ≈ √A, the implied filling factor is often small,
f ∼ 10−3. The real values of s and f that unify the mass
Fig. 5.— The long black rectangle represents the slit, the gray
boxes represent apertures along the slit, the annuli are the total es-
timated regions for each position. The number of outflows detected
in ULIRGs (75-80% Rupke et al. 2002; Martin 2005) suggests that
a biconical outflow cone has a large opening angle ∼145◦. This
allows us to use a sphere as a rough approximation to the geome-
try. We estimate the luminosity contributed by regions outside of
the slit by assuming this circular symmetry and a constant surface
brightness within the half annuli as the aperture within it. The
central aperture coincides with the nucleus of the galaxy used in
the measurement.
estimates may involve a change in both of these param-
eters, but will depend on each individual case. The bot-
tom line is the volume filling factor of the warm-ionized
gas may be tiny thereby leaving lots of volume to be filled
by gas at a different temperature.
4.2.2. Outflow Velocity and Time Scale
The time scale for the outflow is estimated from the
geometry and the kinematics measured from the emission
line profile. In Table 1, we define the outflow velocity
(vout) as |v|+ σv ( km s−1) taken from Table 3 in Paper
I. The median vout in this sample is 580 km s
−1, and
the values range from 200 to 1330 km s−1.
Estimating the outflow timescale from the outflow ra-
dius and velocity, tout = rout/vout, the implied mass loss
rate of warm-ionized gas is M˙ = Mout/τ . For the es-
timate of mass outflow using luminosity (ML), we find
a range from 0.4 to 58 M⊙ yr
−1 where the median is
4.6 M⊙ yr
−1. The largest M˙ is in IRAS00188-0856, due
mostly to the moderate vout and small rout. The sur-
face brightness mass estimate with a spherical geometry
(MΣ) gives larger outflow rates on average from 1 to 80
M⊙ yr
−1 where the median is 15.2 M⊙ yr
−1. In this case
the largest outflow rate is in IRAS03158+4227, which has
a large vout and rout, but in the surface brightness case,
the large rout has a greater influence.
4.2.3. M˙ vs SFR
An important parameter in modeling galactic winds is
the efficiency (η) that star forming regions are able to
remove gas from the star forming region. This parame-
ter informs the timescale over which a galaxy will form
stars before the stellar population itself removes gas and
shuts down star formation. We estimate η as the ratio of
7outflow mass to the star formation rate measured from
IR luminosities in Murphy et al. (1996) (Table 1). We
use the star formation rate estimated from the SFR =
LIR/13.0×109L⊙ (Kennicutt 1998), adjusted for a stellar
mass range from 1 to 100 M⊙ and correcting the LIR for
the AGN fraction.
In this sample of galaxies, the outflow rates typically
yield η ∼ 10−1 but span the range 10−3 < η < 1. We
emphasize, however, that this measurement refers only to
the warm ionized gas, which may be the dominant phase
of the outflowing gas. The mass outflow rates in the cool
gas traced by Na I are at least a few tenths of the star-
formation rate, η ≡ M˙/SFR ≈ 0.1, but are poorly con-
strained due to the large variations in ionization param-
eter among ULIRGs (Martin 2005; Murray et al. 2007).
Hot winds and molecular outflows may also carry signif-
icant mass.
4.2.4. Shock Energetics
The presence of outflows implies that mechanical en-
ergy is injected into the gas. For objects that show out-
flow in emission, we can estimate the energy injection
rate into the gas from a starburst by using the star for-
mation rate. We scale the predicted supernova energy
injection rates from (Leitherer et al. 1999, SB99) to the
calculated SFR for each source, after correcting for differ-
ences in the assumed IMF low mass cutoff (Kennicutt 0.1
- 100 M⊙, SB99 1-100 M⊙). We assume continuous star
formation model over a timescale longer than 40 Myr.
This produces a nearly continuous injection of feedback
energy contributed by supernovae and stellar winds.
The simplest model for the initial response of the inter-
stellar gas to this feedback is based on stellar wind bub-
bles (Weaver et al. 1977; Shull & McKee 1979). Shocks
direct 55% of the feedback energy into the thermal en-
ergy of low density, coronal bubble and the other 45%
into an expanding shell of swept-up interstellar medium.
About 60% of the shell energy is radiated away in this
model, suggesting that luminosity of the shocks would be
27% of the feedback power. For typical shock velocities,
most of this energy will come out in ultraviolet and op-
tical emission lines. The energy in the optical lines will
be slightly greater than the UV lines by ∼ 20%, suggest-
ing that ∼ 15% of the feedback power will come out in
optical emission (Shull & McKee 1979).
Using our estimates of physical properties in Section
4.2.1 and the shock speeds from Paper I, we can make
comparisons to these efficiencies. In Figure 6 we show the
ratio of the total optical luminosity (Lopt) for the compo-
nents indicating shocked outflowing gas in the measured
lines compared to the mechanical power (Lw, inferred
from the SFR). Since the luminosity of the optical emis-
sion lines is generally less than ∼15%, it follows that su-
pernova feedback is a plausible source of power for this
shocked emission.
Luminosity in the optical emission lines for 4
of the galaxies (IRAS05246+0103, IRAS09583+4714,
IRAS13451+1232, and IRAS20087-0308) exceeds the ex-
pected fraction of energy injected into outflow by super-
novae. The excess emission line energy in these objects
(except for IRAS20087-0308), may be due to additional
emission from an AGN NLR, since for these objects, the
emission region size from scaling relations is consistent
with that of an AGN NLR. Emission from IRAS20087-
0308 encounters heavy extinction making the Balmer
decrement difficult to measure, resulting in a possible
over correction to the extinction, which would then skew
the Lopt/Lw ratio.
We calculate the ratio of power that appears as kinetic
energy from the outflow rate (LKE) to the mechanical
energy injection rate from the estimated mass and veloc-
ities measured for the outflow regions in Table 1. This
kinetic energy estimate uses M˙L as the outflow mass esti-
mate and vout for the velocity. In Figure 6, we show that
this energy rate is again consistent with the fraction of
energy in outflow models (mean = 0.08), which predict a
∼ 20% fraction of mechanical energy in the kinetic energy
of the shell. The consistency in kinetic energy fraction
with the models suggests that this process is possibly at
work driving the outflows in ULIRGs. It also implies
that the estimated masses are correct within an order of
magnitude.
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Fig. 6.— above: A histogram showing the measured luminosity
(Lopt) emitted in shocked gas compared to the mechanical energy
injection rate (Lw) from supernovae scaled from the IR star for-
mation rate with SB99. For a whole galaxy, both the emission
associated with the shocked outflow (hashed) and the emission
from all shocked regions (solid) are generally in the range 0 - 15%,
with the peak below 5%. The measured values are consistent with
Weaver et al. (1977). below: The fraction of the feedback energy
that contributes the kinetic energy in the mass outflow is again
consistent with the Weaver model.
5. DISCUSSION
85.1. Outflows in Integrated Spectra
In observations of galaxies at high redshift, obtaining
similar spatial resolution to this study is difficult due to
the small angular size of galaxies. The degree to which
spatially integrated emission lines show evidence for the
outflows in these spectra is unclear. We examine spa-
tially integrated spectra in these data to examine which
of the resolved features remain evident in the integrated
spectra.
5.1.1. Spectral Classifications from the Total Line Flux
In low spectral resolution, spatially unresolved studies
of galaxies, one means of examining the excitation mech-
anism is through total line flux classifications. We apply
the same classifications (Paper I) to the ULIRGs based
on spectra obtained by integrating along the slit. These
total line flux classifications may be influenced by the ob-
served shocks in outflows and gas disks. We examine the
relation between classification and the presence of these
shocks to determine which of the Seyferts, LINERS, and
HII classified galaxies host shocked gas.
All 6 galaxies classified as Seyferts present broad,
blueshifted outflows in the kpc scale apertures. The
narrow emission line components in these Seyferts also
present shock-like ratios in four out of six cases –
IRAS00188-0856, IRAS01003-2238, IRAS13451+1232,
and IRAS15130-1958. These four Seyfert galaxies
have both narrow and broad emission components that
present shock-like flux ratios. The luminosity of the
broad, shocked component is sufficient L[OIII] to generate
a spatially resovled NLR. We conclude AGN photoion-
ization is the source of excitation for these four galaxies.
IRAS09583+4714 and IRAS12071-0444 present the
two exceptions for the Seyfert classified galaxies, where
the broad components differ from the narrow compo-
nents in their excitation. Of the two galaxies in the dou-
ble IRAS09583+4714, the galaxy with shocked outflow
presents narrow component excitation consistent with
HII and has a strong, disk-like rotation gradient. In
IRAS12071-0444, the narrow components have excita-
tion more consistent with a LINER classification and are
highly extended to ±9 kpc. For both of these excep-
tional galaxies, scaling relations from L[OIII] suggest that
the outflow region is larger than what would be expected
from an AGN NLR. The inconsistency of the outflow ex-
citation with the integrated classification in these two
galaxies suggest that a significant fraction of ULIRGs
may be misclassified as Seyfert galaxies, when they host
shocks in outflows outflows driven by star formation.
The subset of 9 galaxies classified as LINERs fre-
quently host both narrow, shocked components and
broad, shocked components. In all but one of these ob-
jects, narrow, shocked emission appears least 5 kpc from
their associated nucleus. Among the 6 LINER spectra
with broad, shocked components, the outflow is spatially
extended in 5 of them. None of the 9 galaxies have suf-
ficient L[OIII] to suggest that the shocked outflow or the
narrow, shocked component is powered by an AGN NLR.
These examples emphasize that a integrated galaxy spec-
trum with a LINER classification need not indicate the
presence of an AGN.
Among the sample, 12 galaxies had emission line ra-
tios on the borderline between classifications. Six of these
borderline galaxies have ratios between the Seyfert and
LINER classifications. These six galaxies have broad out-
flows as well as extended shocks that are not part of the
bulk outflow. The two borderline galaxies with classi-
fications between HII and LINER do not host shocked
outflows, but do have extended shocks, which is respon-
sible for making the net classification slightly outside the
range of the HII galaxies. the last of these twelve galax-
ies are a mix of classifications, without a clear trend in
behavior.
The largest fraction of the sample (21 out of 48 galax-
ies) is classified as HII in the integrated spectra. These
galaxies share the same HII classification in the diagnos-
tic diagrams that compare [O I]/Ha and [S II]/Hα, but
the [N II]/Hα can be either HII or “composite” as de-
scribed in Kewley et al. (2006). The subset of galaxies
with a “composite” classification are also host to either
shocked outflows or shocks in the extended narrow emis-
sion line gas. Clearly, the presence of shocks in these
objects modifies the [N II]/Hα classification, but obser-
vations with kpc scale spatial resolution showed that su-
pernovae are a plausible source of the forbidden line en-
hancement and the outflow.
The spatially resolved analysis was also aided by the
simultaneous multiple component fit to the emission line
profiles, so we next investigate the integrated spectrum
with the multiple component fit.
5.1.2. Identifying Shocks in the Integrated Spectral Profiles
Our analysis of spatially and spectrally resolved line
emission provides new insight on how to identify regions
of shocked gas. Here, we examine whether the method
works on integrated spectra with moderate spectral res-
olution. This analysis differs from the previous section
by comparing the line shapes in the integrated profiles
to those in the apertures.
This analysis allows us to define the required ranges
and resolutions of instruments obtaining the integrated
spectra. Clearly, the integrated spectra must cover
[O I]λ6300. The strong [O I]λ6300 emission from shocked
regions and the separation of this transition from other
lines make it critical for uniquely fitting multiple velocity
components. Furthermore, we will assume the integrated
spectra have spectral resolution of at least R ≥ 5000 and
signal to noise ∼ 15 if multi-component fitting will be
attempted.
Of the 24 galaxies that exhibit broad blueshifted out-
flow in the spatially resolved analysis, 19 galaxies also
show these features in the integrated spectrum. In the
remaining 5 galaxies, the strong narrow lines observed in
the resolved analysis mask the signature of broad outflow
in the integrated spectrum.
Regions with narrow (σv < 150 km s
−1) emission
lines that have shock-like line ratios appear frequently
(34 of 48 galaxies) in the spatially resolved analysis.
Over a large range in position, these narrow features are
identified at Doppler shifts ranging from -250 km s−1to
250 km s−1in a few galaxies. Averaging over a large
range in Doppler shift acts to broaden the integrated
line profiles. In 5 of the 34 galaxies with narrow shock
emission, the summed components form a line of width
σv > 150 km s
−1 in the integrated spectrum. These
galaxies are mostly classified as HII with flux ratios in the
“composite” region of the [N II]/Hα vs [O III]/Hβ diag-
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Fig. 7.— Plot of the Hα+[N II] and [O I] regions of the spectrum for both the integrated apertures and the spatially resolved apertures
for IRAS16090-0139 and IRAS23365+3604. Line color represents the excitation classification of each component into “HII” (red), “Shock-
like” (blue), “unclear” (green). The line style identified the components that are part of an identified outflow (solid), compared to the
rest of the emission components (dashed). Left: IRAS16090-0139 presents outflow components in the resolved analysis that also appears
in the integrated spectrum. The observed narrow shock also appears in the integrated profile fit. Right: In the nuclear aperture of
IRAS23365+3604 we identify outflow from the kinematics in the emission component. The apertures at 2.9 kpc and 3 kpc from the
continuum source identify emission from shocked gas. All of these features are washed out in the integrated profile.
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nostic diagram. Fig. 7 shows the integrated aperture and
spatially resolved apertures for IRAS16090-0139, which
exhibits the outflow and narrow shocks from the resolved
analysis in the integrated profile. We also compare this
to the case of IRAS23365+3604, which shows both types
of shock in the spatially resolved analysis, while the in-
tegrated case is only identified as HII.
In 15 out of the 34 galaxies, the Doppler shifts of the
narrow, shocked components span a small enough range
to be detected as ’narrow, shocked’ components in the
integrated spectrum. A narrow span of Doppler shifts
would also make any broad outflow more identifiable,
which means that objects with low inclination gas disks
will show broad outflows more often.
We conclude that applying the multiple component fit-
ting technique to integrated spectra would have some
success in identifying broad, shocked components from
outflows. In our sample, the outflow is undetected in
the integrated spectrum only 20% of the time. In these
5 failures, a broad component is in fact detected in the
integrated spectrum; but the spatially resolved analysis
indicates the emission comes from a gas rotating like a
disk. Building a better understanding of the physical
origin of the narrow, shock-like emission component is
therefore critical for interpreting the presence of broad,
shocked emission in integrated spectra.
5.2. Lessons From the Local Laboratories
While there are important differences between ULIRGs
and star-forming disks at z > 2, ULIRGs present high
specific star formation rates that are similar to the
high end of starforming galaxies from 2.5 < z < 5
(Elbaz et al. 2007; Cunha et al. 2010; Feulner et al.
2005). The similar specific star formation rates suggest
that local ULIRGs can provide insight into processes that
occur below current resolution limits and that the broad
emission components may share a common origin. Us-
ing adaptive optics (AO) spectroscopy of z ∼ 2 galaxies,
star-forming clumps were recently shown to be the origin
of the broad Hα/[N II] line wings (Genzel et al. 2011).
The ∼ 4 kpc offset of these clumps from the galactic
center suggests a supernova-driven outflow, rather than
an AGN, broadens the line emission. The more central
location of the broad emission found in the ULIRGs il-
lustrates that the ULIRGs are not direct analogs of the
z ∼ 2 galaxies but the radius and luminosity of the broad
emission region in most of these ULIRGs is uncomfort-
ably large to be caused by the AGN.
In the echellete spectra, broad emission features are
identified in the line profiles through the simultaneous
fitting of multiple transitions. Our fitted linewidths are
not as large as the broad Hα/[N II] wings reported for
z ∼ 2 galaxies (Shapiro et al. 2009) because our spectra
require broad components in the forbidden lines as well
as the recombination lines. Additionally, since ULIRGs
are known to be much more reddened than the z ∼ 2
starbursts; broad emission-line profiles produced by sim-
ilar physical processes in the less-dusty z ∼ 2 galaxies
will be more symmetric with respect to the systemic
velocity and therefore broader than those in ULIRGs.
While Shapiro et al. (2009) had difficulty distinguishing
a BLRs and superwinds as a source of the broad emis-
sion features identified in stacks of z ∼ 2 spectra, the
simultaneous fitting of more broad forbidden lines allows
the identification of other sources of the broad emission
rather than just Hα.
The estimates of outflow mass and outflow rate in the
local ULIRGs provides context to the estimates of out-
flow rate and mass in the starforming clumps at z ∼ 2
(Genzel et al. 2011). The star formation rate in these lo-
cal ULIRGs (24 - 180 M⊙ yr
−1) is much greater than the
star formation rate in the z ∼ 2 starforming clumps (3.3
to 40 M⊙ yr
−1), but our estimates of the mass outflow
rate are much lower (0.4 to 58 M⊙ yr
−1 for ULIRGs, 6
to 200 M⊙ yr
−1 for starforming clumps). These results
are consistent with a higher η for warm ionized gas at
high redshift but do not demand it. The gas density or
the filling factor adopted for the high redshift galaxies
could be tuned to give results for η similar to what we
infer for these ULIRGs.
Some properties of these outflows are easier to study in
nearby galaxies, and the methods in this study illustrates
how more information about the outflows at z ∼ 2 can
be obtained, even in integrated spectra. As mentioned
already, for example, the outflows in z ∼ 2 galaxies likely
have shock-like line ratios similar to those in our ULIRG
sample. The properties of these shocks can be estimated
once spectral coverage of additional lines – particularly
[O I], Hβ, and [O III] – are obtained at moderate spectral
resolution, R ≈ 5000, with similar signal to noise (∼ 15)
as in this study.
6. SUMMARY
Paper I mapped optical, emission-line ratios across 39
ultraluminous infrared galaxies in 2 dimensions, i.e., line-
of-sight velocity plus one spatial dimension. In this pa-
per, we have used those measurements to describe the
kinematics of regions excited by different physical pro-
cesses. Figure 2 shows the distribution of line-of-sight
velocity dispersion for regions with shock-like and HII-
like line ratios. The median linewidth for the shock-like
components, σv ≈ 144 km s−1, is higher than that of
the HII-like components, 61 km s−1. The difference is
caused by the large number of shock-like components
broader than σv ≈ 150 km s−1and the near absence of
HII-like components with linewidths this large.
These broad emission components are relevant to our
understanding of gas inflows and outflows because gas
in virial equilibrium would produce lines with smaller
widths. Our results provide insight into the interpreta-
tion of the emission-line spectra of high redshift galaxies,
particularly dusty galaxies with extremely high star for-
mation rates.
We find that the broad shock-like components are typ-
ically spatially extended, reaching radii up to 6 kpc in
Figure 4. We show that in 9 out of 24 broad components,
the size of this region exceeds that expected for an AGN
NLR under the assumption that [OIII] 5007 luminosity
from components with log([O III]/Hβ) > 0.5 is powered
by the AGN. We estimate the total power radiated by
summing the optical luminosities of the broad line com-
ponents and applying a geometrical correction for slit
losses. Since the resulting shock luminosities range from
5-20% of the mechanical power from supernova explo-
sions, we conclude that supernovae are a viable power
source for the gas flows that generate the shocks.
In ultraluminous infrared galaxies, dust absorbs much
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of the starlight; and the centers of these galaxies are not
transparent at ultraviolet and optical wavelengths. At
least in the central few kpc, we can be reasonably cer-
tain that the emergent emission-line profile is shaped by
gas on the near side of the galaxy. We therefore interpret
the blueshifts of the broad components as direct evidence
that the gas is outflowing. In less dusty galaxies, this out-
flow component would presumably also have a red wing
from emission coming from the far side of the galaxy.
The broad components have surprisingly smooth line
profiles. Across luminous infrared galaxies with winds,
for example, the Hα + [NII] profiles are well described
by a single, Gaussian component where emission from
HII regions in the underlying disk dominate the flux.
When the outflows are observed against the sky, along
the minor axis, the emission lines are typically double
peaked (Lehnert & Heckman 1995). The relative inten-
sities of the two components have been shown to reflect
the inclination and opening angle of a biconical outflow
(Heckman et al. 1990). That some of the broad emis-
sion is detected beyond the continuum emission in these
ULIRGs, yet does not have a double-peaked profile may
be related in part to the obscuration of the back side of
the outflow. However, it is not obvious that the galaxies
are opaque at these large radii, and we tenatively con-
clude that the warm-ionized, outflowing gas in ULIRGs
does not share the biconical structure that describes out-
flows in LIRGs very well.
The prominence of shock-excited emission in these
starburst galaxies raises questions about how shocked
emission skews the emission-line ratios measured from in-
tegrated spectra. Since the luminosity in the ultraviolet,
ionizing continuum exceeds the mechanical power from
supernova and stellar winds by about an order of mag-
nitude (Leitherer et al. 1999; Martin 2007), we would
not expect shocks from galactic winds to determine the
line ratios measured in integrated spectra. What Fig-
ure 8 clearly demonstrates, however, is that when inte-
grated spectra have moderately high spectral resolution,
R ∼ 5000, shocked, outflowing gas can sometimes be rec-
ognized by comparing the line profiles of forbidden lines,
particularly [OI] 6300, to the blended Hα + [NII] profile.
We conclude that multi-component line fitting of at least
these 4 transitions in the rest-frame optical spectrum can
provide useful diagnostics of shock velocities and radia-
tive energy losses in galaxies over a very broad range of
cosmic time.
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